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GSSM缩比模型子孔径拼接误差分析

安其昌1,2,张景旭1,杨飞1,赵宏超1

(1中国科学院长春光学精密机械与物理研究所,长春130033)
(2中国科学院大学,北京100039)

摘 要:巨型科学可控反射镜(GSSM)缩比模型(GSSMP)的子孔径拼接误差的分析可以指导GSSM的

面形检测工作.GSSMP子孔径拼误差包括子孔径刚体位移误差以及中频扰动.对子孔径刚体位移误差

而言,合理的靶标布置以及最小二乘算法的使用,可将误差量级降低到计算机可分辨的最低程度,即不

引入算法误差;同时也降低了对测试执行部件的精度要求.对中频扰动误差而言,可结合标准平面镜与

干涉仪对实验环境中大气湍流的影响进行估计.除此之外,对子孔径拼接顺序带来的误差进行分析.最
后,基于三十米望远镜的面形评价方法,即斜率均方根对上述误差进行换算表征.算法修正后,子孔径对

准误差为10-6μrad、子孔径平移误差为10-6μrad、子孔径倾斜误差为10-6μrad以及大气扰动误差为

0.04μrad.利用信噪比来表征拼接顺序所带来的影响,使用一个子孔径作为基准进行拼接的情况下,拼

接顺序带来的影响小于2%.本文的拼接算法,可以在较低的机械精度下,利用靶标对准与合理的拼接顺

序,达到较高的拼接精度.
关键词:三十米望远镜;巨型科学可控反射镜原理样机;误差分析;子孔径拼接
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GiantScienceSteeringMirrorPrototypeSub-apertureTestingErrorAnalysis

ANQi-chang1,2,ZHANGJing-xu1,YANGFei1,ZHAOHong-chao1
(1ChangchunInstituteofOptics,FineMechanicsandPhysics,ChineseAcademyofSciences,

Changchun130033,China)
(2GraduateUniversityofChineseAcademyofSciences,Beijing100039,China)

Abstract:GiantSteerableScienceMirror(GSSM)islargestflatmirrorasthetertiarymirrorofThirty
MeterTelescope(TMT).ToevaluatetheperformanceofGSSMundergravityload,themirrorfigure
needstobetested.Erorranalysisisthemostimortantstepforthereliabilityofmetrology.Foritslarge
sizeandplatecharacter,Subaperturestitchingwillbeusedtoreachthefullaperturefigure.GSSMPis
theprototypeofGSSM.ResearchonGSSMPsubaperturetestingerrorwillhelpunderstandingand
learninghowtobuildGSSM.Thestitchingerrorisdividedintotwoparts:rigidbodylocationerrorand
middlefrequencyturbulence.Accordingtoeachpart,theoreticalanalysisandexperiencehavebeendone
drawingtheconclusionthatthealgorithmwithprobablemarkswillsuppressrigidbodyerrorefficiently
andtheinfluenceoftheturbulenceisachievedbysmalleraperturesystemandinterferometer.Whatis
more,stitchingorderisalsorelatedtostitchingorder.Usingonereferenceapertureandfittingother
aperturesontoitallowintroducingleasterrortothefinalresult.AlltheperformanceisspecifiedbySlope
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RMS,whichisrequiredbyTMT.Afterfitting,Shifterroris10-6μrad,Pistonerroris10-6μrad,Tip/
tilterroris10-6μradandAirturbulenceis0.04μrad.Theerrorinvolvedbytherigidbodyisignorable,
andtheairturbulenceis3nminRMS.BySlopeMS,thereqiuredmetricofTMT,theinfluenceof
stitchingerrorwillbediscussedandtheorderschosenheredidnotincreasetheSignaltoNoiseratio
significantlyinthefigureatthelevelof2%.Heretheconclutionwasdrawedthatfeaturewillhelpalot
inloweringthestitchingerror.
Keywords:Thirty MeterTelescope;Giantsteerablesciencemirrorprototype;Erroranalysis;Sub
aperturestitching
OCISCodes:120.4640;120.4610;120.4800;120.5050

0 Introduction
ThirtyMeterTelescope(TMT)isoneofthelargesttelescopesinthisworld.ChangchunInstituteof

Optics,FineMechanicsandPhysics,ChineseAcademyofSciences(CIOMP)takeschargeofthetertiary
mirror,notedastheGiantSteerableScienceMirror(GSSM,inshot).The3.594m×2.576mflatmirror
willpointtheinstrumentsontheScienceplatformduringthetelescopetracing[1-3].

GSSMisoneofthemostcomplicatedsteeringmirrorsystemsintheworld.Thelargestsegmented
telescopesunderconstruction(E-ELT,TMT)bothhavesteeringmirrorintheirmainopticalsystems.
ELTM5isafaststeeringmirrortodirectthebeamform M1totheinstrumentsbelow.Meanwhile,the
steeringmirrorinTMTistertiarymirror.Whenthemaintelescopetrackingthestallers,GSSM willdo
therotatingandtiltingtoguidethelightbeamform M2tothescienceinstrumentsontheScienceplates.
ThusthetertiarymirrorisalsocalledGiantScienceSteeringMirror.

SinglesubaperturemetrologyaberrationΔsubiscumulatedandenlargedaccordingtorullaperture
radiusRandsubaperturediameterds,asΔsub∝d2

s/8R.
Theerrorisquadraticdependedonsubaperturesize.However,thenumberofsubaperturesis

approximatedasfollows.So,itisacoupledproceduretoconsidersubaperturefeature[4-10],Nsub∝R2/2d2
s.

GSSM mirrorsupportsystemwillbecarefullydesignedandadjustedtokeepthemirrorfigureduring
telescopemotion.ThemirrorfigurewillbeevaluatedbyPlateScaleErrorandSlopeRMS.GSSM mirror
specification willisdividedintotwoparts,oneisthePlateScaleerror (combinedbypowerand
astigmatism),andtheotheroneisSlopeRMS(relativetomiddlefrequencyripple)[11-14].Consideringthe
GSSM mirroristoobigforalmostalltheplateinterferometers,themirrorfigurewillbeevaluatedby
stitchedaperture.

Intheveryearlyage,bymeasuringtheZernikecoefficientofdiscretesubaperture,theloworder
componentsoffullaperturewasestimated.Theessentialproblemislosingthehighercomponent.Around
theverybeginningof20thcentury,overlappingthesubaperturesrealizedmetrologyofmirrorfigure.With
thegrowingsizeoftelescope,timingandcostformeasuringlargemirrorfigureincreaseddramatically.
PengSuin Arizona Universeinvested maximumlikelihoodestimationtofigureoutthelow order
componentwithoutfullstitchedaperture[8-10].

Uptonow,GSSMisoneofthelargestflatmirrorintheworld.Tobetterunderstandtherequirement
andensuretheGSSMwillbesuccessfullycompleted,TMTandCIOMPdecidedtocontributea1/4scaled
prototype(GiantScienceSteeringMirrorPrototype,GSSMP).ThemirrorofGSSMPis894mm×654mm
×12mmanditssizeismuchlargerthantheplateinterferometer(600mmincircle)inourinstrument,so
itisnecessarytoprocesssubaperturestitching.Furthermore,theconstructionofPrototypeisfocusedon
leaningandunderstanding.Fullsizetertiarymirrorfiguretestingwillonlyberealizedbystitching,sothe
experienceisalsoveryvaluableforthefollowingwork[15-17].

DuetothegiantsizeofGSSM,theerroranalysiscomestobeveryimportantbutcomplicated.Before
assemblingwithmaintelescope,nowaytocheckthemirrorexceptstitchingmethod.Theerroranalysis
helpsthesystemengineerstoallocationtheaccuracyofthefacilityusedintesting(guide,motor,encoder,
etc.),andthefinalmetricformetrologyitself.Theconcretetestingprocedureisalsodeterminedbythe
erroranalysis[18-21].

AlltheperformanceisspecifiedbasedonSlopeRMS,whichisrequiredbyTMT.Rigidbodylocation
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errorandmiddlefrequencyturbulenceisinvestigatedtoevaluatethestitching.SignaltoNoiseratiois
consideredforchoosingstitchingorder,andonefiducialaperturewasusedtoreducetheerror.

1 Principleforstitchingerror
  Sub-aperturestitchinghaddevelopedfromthe
discrete-aperture method to the over-lapped
aperturemethod.ForGSSMP,asshowninFig.1,
fouroverlappedsub-aperturesweresetrealizing
reconstructionofthefullaperturemirrorfigure.
Thesub-apertureisarrangedintheformthatboth
‘circling’and ‘parallel’modswillrealizethe
feature,adaptingtodifferenttestinghardware.

GSSM/GSSMP mirrorfigurespecificationis
verydifferentfromthenormalcase.Theprocedure
forthespecificationiscirclingtheellipsefigure,
tokingoutthelowFrequencypartasPlateScale
errorandcalculatingtheRMSofresidualfigure Fig.1 Allocationofthesub-aperturesforGSSMP

slope.Thefirststepiscirclingtheellipseapertureandthenremovingthepowerandastigmatism.The
slopeRMSistherootmeansquareofmirrorsurfaceslopestronglydependingonthemiddlefrequency
components.

Asstitching,thereareintotalthreekindsoferrorwillbetakeintoconditionincludingtheshifterror
betweenthetwosubaperturesunderstitching,thepistonandtip/tilterrorbetweenthem,andthe
turbulence(mainlycomingfromseeingthelab,vibration,noiseindetectorsetc.).Thus,thestitching
errorcanbeexpressedasfollows.

Δstitching x,y( )=P+Txx+Tyy+Sx
􀆟Φ x,y( )

􀆟x +Sy
􀆟Φ x,y( )

􀆟y
+n (1)

Herewenote,Pisthecoefficientforpistonerror,TxandTyisthecoefficientfortip/tilterror,Sx

andSyisthecoefficientforshiftingerror,nreferstoturbulence.Here,theerrorsourceswillbediscussed
separately,checkingwhetherornottheseerrorcanbesufficientlysuppressed.

Locationofthemarksshallbediscussedprevioustotheanalysis.Featureofthemarkswilldetermine
theaccuracyofthestitchingprocedure.Basically,intheoverlapsection,thereatleastonemarkettohelp
locatingthesub-apertures.Differenttoasphericmirror,wherethedistortionwillplayalargerroleinerror
budget,theflatmirrorstitchingtestingwillnotinvolvedistortion.So,inthetesting,onlyonemarkwill
belocatedintheoverlaprange.

Theverificationexperiencewasdoneinanalternativeway.Firstthereflectingmirrorwillbetestedin
fullapertureanditsfigurewasregardedastheidealreferenceofstitching.Then,anaperturewasinserted
tothebeam onlyallowingthelightbeam comingthough partly.As movingtheaperture,the
interferometerwilladjustthepointingangleandpositionalonethelightaxisdirection,simulatingthe
mechanicalerrorduringthe motionofthesubaperturetesting.Tosimplifythistesting,numeral
simulationwillalsorealizetheverificationbycuttingthefullapertureintoseveralsmallcircleones.
Mechanicalerrorwasrepresentedbytippingandpoweringthedatamathematically.
Itissimilartothemarks.Marksonthemirrorallowlowingtheaccuracyofmechanicalparts.There

aretwoalternativewaystoverifytheeffect.Oneoptionisactuallylocatethefeatureandtheantheroneis
todothisnumerally.ThemeasurementisshownintheleftpanelofFig.3.Sketchoftheverificationtest
basicspecificationisshownintherightpanelofFig.2.
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Fig.2 Sketchofsubaperturetesting
Inthefollowing,thestitchingorderinfluencewillbeunderdiscussion.
SubapertursofGSSMPwillbecombidedinacertainsequence.Twosubaperturestobestitchedare

notesasSTi m,n( ) andSTj m,n( ).OverlappingsectionisrectangleofM×N.Sideal m,n( ) presentsthe
idealactualdataincoveredsection.Δijisstitchingerror,wherem∈[1,M],n∈[1,N].

Thestitchingerrorcanbepresentedbythefollowingformula.

Δij =
1

MN ∑
m=M,n=N

m=1,n=1
STi m,n( ) -STj m,n( )[ ] =

 1
MN ∑

m=M,n=N

m=1,n=1
STi m,n( ) -Sideal m,n( ) -STj m,n( ) +Sideal m,n( )[ ]

Squaringtwosidesoftheformula,hereisthat

Δ2
ij=

1
MN σ2Ti+σ2Tj( )

Thefirstmethodisstitchingtheapertureonebyoneinturn.TakingGSSMPasexample,theorderof
stitchingis1→2,2→3,3→4.Squareoftheerrorispresentedasfollows,wherePisthenumberofsub-
apertures.

Δ2
1=

1
MN∑

P

j=2σ2T1+σ2Tj( ) =
1

MN Pσ2T1+∑
P

j=2σ
2
Tj( ) (2)

Thesecondmethodisstitchingtheapertureeverytwoapperturesthenconbimingthemtogether.
TakingGSSMPasexample,theorderofstitchingis1→2,3→4,1&2→3&4.Thesquareoftheerroris
presentedasfollows,wherePisthenumberofsub-apertures.

Δ2
2=

1
MN∑

P-1

j=1σ2Tj +σ2Tj+1( ) =
1

MN 2∑
P

j=2σ
2
Tj +σ2T1+σ2TP( ) (3)

Thethirdmethodisstitchingtheaperturestoonecertainbasicaperture.TakingGSSMPasexample,
theorderofstitchingis1→2,1→3,1→4.Thesquareoferrorispresentedasfollows,wherePisthe
numberofsub-apertures.
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Δ2
3=

1
MN ∑

P

j=2σ2T1+σ2Tj( ) -∑
P

j=2σ2T1( )[ ] (4)

Here,thedistributionoftheerrorissupposedtobethesame,andthestandarddeviationisnoted
asσ2.

σ2Tj=σ2

SimplifyingEq.(2)toEq.(4),squareoftheerrorarere-writeasfollows,wherePisthenumberof
sub-apertures.

SettingS2
RMS=

σ2

MNasthesquareduniqueslopeRMS.

Δ2
1=PS2

RMS (5)
Δ2
2=2Pσ2S2

RMS (6)
Δ2
3=S2

RMS (7)
ComparingtheEq.(5)andEq.(7),theyspecifytherelationshipbetweenthestitchingwithand

withoutonebasedaperture.Whenthenumberofsub-aperturesincrease,stitchingerrorwithabased
apertureissmallerthanthecasewithoutbase,wherePisthenumberofsub-apertures.

Δ2
3~
1
PΔ2

1

As stated earlier, subaperture stitching
mainlysuffersfromatleastoneofthefollowing
fourerrorsources:shiftingerror,pistonerror,
tip/tilterror,turbulence.

GSSMPisunderspecificationofPlateScale
errorandSlopeRootMeanSquare(SlopeRMS,in
short),asshowninFig.2.

Plate Scale is relatived to power and
astigmatism.Here,thefigureinsubapertureisthe
sameandequalypresentedbyZernikepolynomials
incoveredsection,asshowninFig.3.

Φsubρ,θ( ) =Φfullρ',θ'( ) =∑
Nm

j=4
ajZj ρ',θ'( ) =

 ∑
Nm

j=4
bjZj ρ,θ( )

Fig.3 Subapertureandfullaperturesharethesamefigure

  Consideringthepowertermfirstly,theRMSinasubaperturewithfRradiusisasfollowing

σ2s-power=
α2

3R
4f4+ρ

2
0-Φs-power

2 αR2f2+ρ20-Φs-power( )

Notingthemeanvalueatthissectionis

Φs-power=
α
2R

2f2+αρ20 (8)

HereR wastheradiusofthefullaperture;fR wastheradiusofsubaperture;ρ0wasthedistance
betweensubaperturecenterandfullaperturecenter.αwasthecoefficientofpowerterminfullaperture.

Itissimilarforastigmatismterm,andtheRMSinasubaperturewithfRradiusisasfollowing

σ2s-astig=β
2

6R
4f4+β2ρ20R2f2

Notingthemeanvalueatthissectionis
Φs-astig=βρ20sin 2θ( ) (9)

Here,R wastheradiusofthefullaperture;fR wastheradiusofsubaperture;ρ0wasthedistance
betweensubaperturecenterandfullaperturecenter.βwascoefficientofastigmatismterminfullaperture.

σ2f-power=
1
12α

2R4

Notingthemeanvalueatthissectionis
5-4002110
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Φf-power=
1
2αR

2

Here,R wastheradiusofthefullaperture;fR wastheradiusofsubaperture;ρ0wasthedistance
betweensubaperturecenterandfullaperturecenter.αisthecoefficientofpowerterminfullaperture.

σ2f-astig=β
2

6R
4

Notingthemeanvalueatthissectionis
Φf-astig=0

Here,R wastheradiusofthefullaperture;fR wastheradiusofsubaperture;ρ0wasthedistance
betweensubaperturecenterandfullaperturecenter.βwascoffenofastigmatismterminfullaperture.

σ2s-power+2σ2s-astig=
α2+4β2

12 R4f4+
1+α( )2ρ40+4β2ρ20R2f2

2
Here,Rtheradiusofthefullaperture;fRtheradiusofsubaperture;ρ0isthedistancebetweensub

aperturecenterandfullaperturecenter.αisthecoefficientofpowerterminfullaperture.βiscoffenof
astigmatismterminfullaperture.

Forthefullaperture

σ2f-power+2σ2f-astig=
α2+4β2

12 R4 (10)

Here,R wastheradiusofthefullaperture.fR wastheradiusofsubaperture.ρ0wasthedistance
betweensubaperturecenterandfullaperturecenter.αisthecoefficientofpowerterminfullaperture.

ErrorinPlateScalecalculationconsideringthe

EPalteScale=
1+α( )2ρ40+4β2ρ20R2f2

2
(11)

Platescaleerrorwillfollowalawofρ20+1( )2.
Forhigherorder,maybeatthesamelevelofairturbulence,itfollowsaf5/3law.Itwillnotinfluence

PlatescaleerroranditwillinteractionwithslopeRMScalculation.

σ2s=f
5
3σ2f (12)

Here,theinfluenceofairturbulencewillbepresentedhere.OpticalpathdifferenceOPDx,y,t( )is
definedasformula(1)3,assuminglighttransmittingalongZaxis

OPDx,y,t( ) =∫
L

0
nx,y,z,ti( )dz (13)

n(x,y,x,ti)notingairindexatlocation(x,y,z);dzissmalldistancealongZ;Lthethicknesslight
passingthough;tidiscretetimeseries(i=1…N).

SlopeofthewavefrontispresentedbyEq.(14).

slopex x,y,ti( )=
􀆟
􀆟xOPDx,y,ti( )=

􀆟
􀆟x∫

L
0nx,y,z,ti( )dz (14)

n(x,y,x,ti)notingairindexatlocation(x,y,
z);dzissmalldistancealongZ;Lthethickness
lightpassingthough;tidiscretetimeseries(i=
1…N).

Lightisconsideredtransmittingthroughevery
pieceofairwithdifferentindex,andreflectingat
theflat mirror.Foldingthelightpath allows
simplificationofitscalculation,asshowninFig.4.

Theinputangleatfirstlayerθ1;indexatleft
n0,indexatrightn1;outputangleatfirstlayerθ'

1;
theinputangleatsecondlayerθ2,outputangleθ'

2;
indexatleftn1;indexatrightn2;theinputangle
atthirdlayerθ3;outputangleθ'

3;indexatleftn2;
Fig.4 Indexdifferencespecification
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indexatrightn1;theinputangleatfourthlayerθ4;outputangleθ'
4;indexatleftn2;indexatrightn0;

thetwolayersaretippedbyφ1andφ2.
Whentheangleissmalltherelationshipisapproximatedasfollows

θ'
1n1=θ1n0,θ'

2n2=θ2n1,θ'
3n1=θ3n2,θ'

4n0=θ4n1

Considering
θ2=θ'

1- φ1-φ2( )

θ3=2φ2-θ'
2

θ4=θ'
3- φ1-φ2( )

ThedifferencebetweenheinputangleandoutputangleΔθisasshowninfollows

Δθ=θ'
4-θ1=

n1

n0

2φ2-
n0φ1-n1 φ1-φ2( )

n2

æ

è
ç

ö

ø
÷n2

n1
+φ1-φ2

é

ë

ê
ê
ê

ù

û

ú
ú
ú
-φ1=

2
n0

φ1 n1-n0( )+φ2 n2-n1( )[ ]

wheren0=1,itwillcometotheNthlayer,theangularchangeisasEq.(15).

Δθtotal=∑
N

i=1
2Δniφi (15)

NotingΔni=ni-1-ni,(i=1,2,…,N),φiisthelightbendingintheairatlayeri
ReformingtheEq.(15)

Δθtotal=∑
N

j=1
∑
N

i=1
2Δniφi-∑

N-1

j=1
∑
N

i=1
2Δniφi

Considering
2fRφi=dzi

wherefRtheradiusofsubaperture,dzithethicknessofithlayer.

2fRΔθtotal=∑
N

j=1
∑
N

i=1
2Δnidzi-∑

N-1

j=1
∑
N

i=1
2Δnidzi=∑

N

j=1
nidzi-∑

N-1

j=1
nidzi=diffOPD( )

Wherediff •( ) isreferto difference calculation of OPD x,y,t( ),Power Spectrum ofseries
x1,x2,…,xN[ ]isshownasfollows

PSD=
1
2πN ∑

N

i=1
xie-jω

2

ωisinrad/s,andi=1…N.
PowerSpectraldensityisofopticalpathdifferenceseriesandSlopeseriesisshownas(16).

PSDOPD=
1
2πN ∑

N

i=1
OPDx,y,ti( )e

2πjkt
N

2

PSDslope=
1
2πN ∑

N

i=1
slopex y,ti( )e

2πjkti
N

2

ì

î

í

ï
ïï

ï
ï

(16)

ReformingEq.(17)

ESlopeRMS=∑PSDslope=∑
N

k=1

2πk
N

æ

è
ç

ö

ø
÷

2

PSDOPD (17)

InfluenceofairturbulenceonslopeRMSisshowninEq.17.Thiswillrealizetheestimationofslope
measurementerrorbyaninterferometer.Thissmallsamplingapertureiseasytobeaccessedtobythe
marginpartoflargeplateinterferometer.

2 Numeralanalysisforstitchingerror
Analytically,thetwosubaperturesundersttchingwillbepriciselypositionedensuringthepixelsin

overlpaingareaalignedtothecounterone.Marksareusedtoimprovethestitchingaccuracy.Themarks
arelocatedsuchthateveryoverlappingsectioncontainone.Aftertransitionusingthemarks,theresidual
errorisshiftingerror.Theorderoftheerrormaybeequaltothediametionofseveralpixels.Stichingerror
isspecifiedinTable1.TheerroristootinyandveryclosetothenumerallimitationofMATLAB.

Thepistonandtip/tilterror,namely,rigidbodyerror,isalsoconsidered.Asubapertureissetas
basicintheleftpanelofFig.5.AsshownintherightpanelofFig.5,rigidbodyerrorisaddedtoanearby
subaperture.ThestitchingresultisshownintheFig.6,theerrorismainlysuppressed,andtheresultis
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Table1 Stitchingerror@onlyshiftconsidered

RMSofthefull
aperture/slopeRMS

RMSofthestitched
aperture/slopeRMS

Residualerror
ofthestitching

1 0.24μrad 0.24μrad 10-6

2 0.88μrad 0.88μrad 10-6

3 0.35μrad 0.35μrad 10-6

4 0.13μrad 0.13μrad 10-6

5 0.16μrad 0.16μrad 10-6

Fig.5 Influenceofrigidbodymotiononstitching

Fig.6 Subaperturestitchingresultforrigidbodyerror
shownintheTable2.Afterfittingwithleastsquaremethod,theerrorresultedbyrigidbodymotionis
verytiny.Thisconductionisveryimportant,foritcanloosetheaccuracyrequirementoftesting
instrument.Motionaccuracyofthetestinginstrumentcontributeverylittletothefinalresultwiththehelp
ofmarks.

Table2 Resultofthesubaperturestitchingwithrigidbodyerror

RMSofthefull
aperture/slopeRMS

RMSofthestitched
aperture/slopeRMS

Residualerror
ofthestitching

1 0.56μrad 0.56μrad 10-6

2 0.69μrad 0.69μrad 10-6

3 0.38μrad 0.38μrad 10-6

4 0.57μrad 0.57μrad 10-6

5 0.29μrad 0.29μrad 10-6

  Theturbulencewasalsotakenintocondition.Tomakeiteasy,theturbulenceisconsideredaswhite
noise.AsubapertureissetasbasicasshownintheleftpanelofFig.7.Asshownintherightpanelof
Fig.7,subapertureisaddedwithwhitenoise.TheresidualerrorisshownintheFig.8.Leastsquaring
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fittingrealizessupressionofalmostalltheloworderabberation,meanwhile,thewhitenoiseisstillleft.

Fig.7 Influenceofwhitenoiseonstitching

Fig.8 Stitchingresidualerrorwithwhitenoiseerror
Here,themiddlefrequencyturbulenceisalsoconsidered.Themiddlefrequencynoiseisdominatedby

theairturbulence.AsubapertureissetasbasicshownintheleftpanelofFig.9,andsubapertureunder
stitchingwithairturbulenceisshownintherightpanelofFig.9.TheresidualerrorisshowninFig.10and
Table3.

Fig.9 Influenceofairturbulenceonstitching
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Fig.10 Stitchingresidualerrorwithairturbulence
Table3 Residualerrorafteraddingturbulence

Addedrandom
error/slopeRMS

Addedmiddlefrequency
errorslopeRMS

Residualrandom
error/slopeRMS

Residualmiddlefrequency
error/slopeRMS

1 0.53μrad 0.46μrad 0.53μrad 0.46μrad
2 0.57μrad 0.48μrad 0.57μrad 0.48μrad
3 0.72μrad 0.41μrad 0.72μrad 0.41μrad
4 0.84μrad 0.17μrad 0.84μrad 0.17μrad
5 0.43μrad 0.92μrad 0.43μrad 0.92μrad

  Measurementthefigureofsmallermirrorsomedistancefrominterferometerrealizingtheestimation
foramountofairturbulence.Themirrorispreviouslytestedveryclosetotheinterferometer.Themirror
figuretestedinthiscaseissetasthereference.Asthemirroristestedinlongerdistance,thefigure
combinedwiththeairturbulencewillberecorded.Analyzingdatainsmallerapertureallowsspecifyingthe
errorinvolvedbyairturbulence.

ThetestingresultisshownintheFig.11andFig.12.Theairturbulenceis15.92nm@0.1mand
16.13m@2m.Sotheairturbulenceisapproximately2.59nm.

Fig.11 Stitchingresidualerrorforairturbulence
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Fig.12 Stitchingresidualerrorforairturbulence

3 Numerallyanalysisforstitchingorder
Heretheerrorinvolvedbyorderofstitchingwillbediscussed.Accordingtotheanalysisinsection2,

theorder1→2,1→3,1→4ischosentocompletestitching.Theallocationofsubaperturesisshowninthe
leftpanelofFig.11andthemeaningofparameterisshownintherightpanelofFig.13,whereR=
1000mm,ρ0=250mm,f=0.8.

SignaltoNoiseratio(SNR)isaveryimportantcharacterforimages.SNRpresentsthemethod
whetherinvolveextraerrorandhowmuchitis.Stitchingresult(left)andresidualerrorforwhitenoise
error(right)areshowninFig.14.Themarginsbetweenthesubaperturesisnotsharp.Itspecifiesthatthe

Fig.13 Specificationofstitchingtest

Fig.14 Stitchingresultandresidualerrorforwhitenoiseerror
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chosenmethodtodothestitchingprovidesagoodapproach.TheRMSofaddedwhitenoiseis6.92nmover
thefouraperture,averagingSNR=1.73andtheresidualerroriscalculatedascloseto7.19nm,averaging
SNR=1.75.Itspecifiesthatthestitchingmethodissufficienttoinvolveaslittleerroraspossibleatalevel
of2%.

TheanalysisofGSSMPsubaperturestitchingerrorisveryimportantinestimationofthestitching
result.StitchingerroranalysissummaryisshowninTable4.Thiserroranalysisismainlybasedon
numeralanalysis.When GSSMPiscompleted,more workon mirrorfigure willbeprocessedand
presented.

Table4 Stitchingerroranalysissummary

Typeoferror RMSoferror/slopeRMS Conclusions
1 Shift 10-6 Ignorable
2 Piston 10-6 Ignorable
3 Tip/tilt 10-6 Ignorable
4 Airturbulence 0.04μrad Considered
5 Stitchingorder <2% Ignorable

4 Conclusion
TheanalysisofGSSMPstitchingerrorwillhelpalottothedesignofGSSM metrologytarget.

Practically,the mechanicalaccuracycontributesdidnot materalotinstitching.Middlefrequency
turbulenceisthechieffactoreliminatingtheperformanceofstitching.Anyun-calibratedmiddlefrequency
errormaybeaccumulatedandenlargedwithstitchingsteps.
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